Aortic stiffening is an independent risk factor that underlies cardiovascular morbidity in the elderly. We have previously shown that intrinsic mechanical properties of vascular smooth muscle cells (VSMCs) play a key role in aortic stiffening in both aging and hypertension. Here, we test the hypothesis that VSMCs also contribute to aortic stiffening through their extracellular effects. Aortic stiffening was con- 
statement from the American Heart Association (AHA) asserts that aortic stiffening is a cause rather than a consequence of hypertension in middle-aged and older individuals (Townsend et al., 2015) .
This new concept further clarifies the cause and effect relationship between aortic stiffening and hypertension in aged individuals. Additionally, our previous studies in monkey have demonstrated that aortic stiffening is also strongly associated with aging (Qiu et al., 2007) .
Specifically, our recent studies with atomic force microscopy (AFM) have demonstrated similar characteristics of aortic vascular smooth muscle cells (VSMCs) in both aging and hypertension, indicating that VSMC-mediated regulation is a fundamental basis of aortic stiffening in both conditions (Qiu et al., 2010; Zhou, Lee, Stoll, Ma, Costa, et al. 2017; Zhou, Lee, Stoll, Ma, Wiener, et al. 2017) . However, the underlying mechanisms are not fully understood. It is conceivable that, in addition to intracellular effects, VSMCs are able to contribute to aortic stiffening via extracellular effects. However, it is difficult to discern the extracellular effects of VSMCs in intact aortic tissue in vivo. Our previous study successfully distinguished the role of VSMCs from the extracellular matrix (ECM) in aortic stiffness in vitro utilizing a three-dimensional (3D) tissue model reconstituted system consisting of isolated VSMCs and collagen (Qiu et al., 2010) . This model also provides the necessary simplicity to characterize interactions between VSMCs and the surrounding ECM and explore the molecular mechanisms mediating these changes.
In our previous study, integrin b1 was found to be significantly increased in VSMCs from stiffened aortas in aging monkeys (Qiu et al., 2010) , indicating that integrin b1 may contribute to aortic stiffening. Other recent studies emphasize the potential role of Lysyl oxidase (LOX), a copper-dependent amine oxidase, in vascular remodeling and the regulation of the biomechanical properties of the ECM (Rodriguez et al., 2008) . The LOX gene encodes a precursor protein (pre-LOX), which is proteolytically processed by bone morphogenetic protein-1 (BMP1) and other proteinases to release the mature active enzyme LOX (M-LOX) and the LOX regulatory pro-peptide (LOX-PP) (Rodriguez et al., 2008) . The extracellular active enzyme catalyzes formation of aldehydes from lysine residues in collagen and elastin precursors resulting in cross-linking among these ECM proteins that stabilize collagen fibrils and maintain the integrity and elasticity of mature elastin. Different patterns of LOX expression/activity have been associated with distinct vascular pathological processes. For example, downregulation of LOX has been associated with destructive remodeling of arteries during aorta aneurysm (AA) development (Yoshimura et al., 2006) . Deletion of the mouse LOX gene promotes fragmentation of elastic fibers and VSMC discontinuity in the aortic wall, leading to increased impedance and a predisposition to thoracic AAs and dissections (Maki et al., 2002; Staiculescu, Kim, Mecham & Wagenseil, 2017) .
Loss-of-function mutations of LOX can cause AAs and aortic stiffening in humans (Lee et al., 2016) . These studies indicate an essential role of LOX in maintaining the tensile and elastic features of blood vessels. Studies of the role of LOX in hypertensive aortic stiffening, however, have produced inconsistent results (Chen et al., 2013; Eberson et al., 2015) .
The present study tests our hypothesis that aortic VSMCs contribute to aortic wall stiffness via both increased intrinsic stiffness and extracellular dysregulation mediated through altered regulation of integrin and LOX signaling. Given that our recent study revealed a pivotal role for upregulation of the serum response factor (SRF)/ myocardin pathway in pathological aortic stiffening (Zhou, Lee, Stoll, Ma, Costa, et al. 2017; Zhou, Lee, Stoll, Ma, Wiener, et al. 2017) , we further explored possible links between SRF/myocardin and integrin/ LOX signaling in the extracellular regulation of stiffness by aortic VSMCs.
| RESULTS

| VSMCs contribute to aortic stiffening in SHR
To determine the role of VSMCs in hypertensive aortic stiffening, we conducted a series of experiments in both spontaneously hypertensive rats (SHRs) and their normotensive controls, Wistar-Kyoto (WKY) rats, to measure aortic stiffness in vivo, in de-endothelialized native aortic rings ex vivo, and in 3D reconstituted rings in vitro.
Given that increased stiffness in SHR aortas is the physiological foundation of the ex vivo and in vitro studies, we first performed in vivo measurements to confirm aortic stiffing in these SHRs. Both To determine if increased aortic stiffness in SHRs was independent of any neural-hormone effects or from the endothelial layer in vivo, aortic tissue segments were isolated from the same animals, cleaned of extraneous connective tissue, denuded of the endothelia, and used to measure aortic stiffness ex vivo with an isometric force transducer. Consistent with increased aortic stiffness in vivo, fresh de-endothelialized aortic rings were also significantly stiffer in SHR vs. WKY rats (Figure 1d ), indicating a stiffer medial layer in SHR aortas.
To further define the contributions of VSMCs to aortic stiffness independent of the external influence of ECM proteins, a 3D reconstituted vessel model with VSMCs from the thoracic aorta (TA) was used in which the artificial ECM was identical in both groups. The resulting artificial vessel segments were subjected to uniaxial tensile stretching and the construct's stiffness (E) was calculated as described above in the native aortic ring. As shown in Figure 1e , reconstituted rings were twofold stiffer when reconstituted with VSMCs from SHR than those from WKY rats.
Together, these data indicate that aortic VSMCs contribute significantly to aortic stiffening in SHRs independent of endothelial cells and ECM in the medial layer.
| SHR VSMCs influence both static and dynamic stiffness in 3D reconstituted rings
In our previous study, AFM revealed that compared to WKY TA VSMCs, SHR TA VSMCs increased intrinsic stiffness at the single cell level by 1.5 fold (Zhou, Lee, Stoll, Ma, Wiener, et al. 2017) . Interestingly, even greater differences (more than twofold) in stiffness were observed when VSMCs from SHR TA and WKY TA were embedded in 3D reconstituted tissue constructs. The greater increase in stiffness of the reconstituted tissue over that of the single cells would imply additional outward effects of the cells upon interactions with the ECM. Thus, we next tested the extracellular effects of VSMCs.
To determine the interactions between cells and the ECM in SHR TA, we conducted microscopic studies in 3D reconstituted rings to determine changes in VSMCs when they were in contact with ECM under baseline and stressed conditions. Isolated TA VSMCs from both SHR and WKY rats were seeded in a collagen I gel in a 3D mold to generate artificial vessel segments. After 48 hr of culture, the resulting artificial segments were subjected to stepwise uniaxial tensile stretching up to 120% of their original resting length for Treatment with the SRF/myocardin inhibitor CCG-100602 (CCG)
as previously described (Zhou, Lee, Stoll, Ma, Costa, et al. 2017; Zhou, Lee, Stoll, Ma, Wiener, et al. 2017 ) had no effect on integrin b1 mRNA relative to vehicle controls in cells from either WKY or SHR aorta (Figure 4a ). The abundance of activated integrin b1 protein was markedly attenuated by CCG treatment in VSMCs from SHR TA, but not those from WKY TA (Figure 4b -e).
| VSMCs regulate LOX in SHR TA
Lysyl oxidase mRNA levels were found to be significantly higher in 
| VSMCs regulate LOX via BMP1
We further explored how SRF/myocardin signaling might regulate LOX proteolytic cleavage in VSMCs. As shown in Figure 6a , levels of BMP1, a protease that targets LOX, were significantly greater in 
| DISCUSSION
This study integrated in vivo, ex vivo, and in vitro experiments to identify the individual components that contribute to aortic stiffness.
We first determined the contributions of the crucial medial layer to aortic stiffening, which is independent of endothelium and adventitia. Second, use of a 3D reconstituted vessel revealed that VSMCs are essential for aortic stiffening, independent of the ECM in the medial layer. The data from both ex vivo native tissues and in vitro In addition to the differences in interacting with the ECM between SHR VSMCs and WKY VSMCs, we further demonstrated that aortic VSMCs from SHR are able to affect the ECM through the regulation of collagen production and the organization of the ECM.
Compared to WKY, SHR TA VSMCs showed a higher level of mRNA level of collagen types I and III, the two predominant isoforms of collagen in the aorta, which indicates an increase in collagen synthesis in VSMCs from stiffer aortas. The TIMP1/MMP ratio was also significantly increased in SHR TA VSMCs vs. WKY TA VSMCs, which were consistent with the previous observation of aortic tissues in SHRs (Duan et al., 2015) . Since TIMP1 is a well-recognized inhibitor of MMPs, which participate in collagen degradation (Duan et al., 2015) , this increase in TIMP-1 induced by SHR aortic VSMCs might contribute to the unfavorable collagen accumulation in the aortic wall (Zhou, Lee, Stoll, Ma, Wiener, et al. 2017 ). In addition, using the increase in integrin b1 induced in SHR TA VSMCs at the both mRNA and protein levels. This result is consistent with our previous observation in the stiffer aorta in aging animals (Qiu et al., 2010) . In addition, we found that activated integrin b1 was significantly increased At present, conflicting data have been reported regarding the relationship between LOX and aortic stiffness in different models. For example, while it has been shown that the downregulation of LOX contributes to the aortic stiffening in an obesity mouse model (Chen et al., 2013) , other studies have shown that inhibition of LOX attenuated the angiotensin II induced aortic stiffening (Eberson et al., 2015) .
In addition, as evidence showed that genetic deletion or functional deficiency of LOX causes aortic wall destruction and leads to aortic stiffening (Lee et al., 2016; Maki et al., 2002; Staiculescu et al., 2017) , Although the association between aortic stiffness and hypertension is well established, whether aortic stiffening is a cause or a consequence of hypertension remains controversial. Our recent study demonstrated that aortic stiffness reduction preceded the reduction in blood pressure in SHR treated with CCG, suggesting the recovery of aortic elasticity in SHR is not likely an artifact of the reduction in blood pressure, and may even be a contributing factor. (Zhou, Lee, Stoll, Ma, Costa, et al. 2017; Zhou, Lee, Stoll, Ma, Wiener, et al. 2017) . We believe that the mechanisms revealed in the current study may also contribute to aortic stiffness in aging, which allow us insight into the pathological development of hypertension in the elderly. In addition, the current study focused on the aortic VSMCs due to the observed aortic stiffening in SHR; however, our results as described (Zhou, Lee, Stoll, Ma, Wiener, et al. 2017 ).
| In vivo aortic stiffness measurements
Hemodynamic assessment was performed by a Doppler ultrasound echocardiography under anesthesia with 2.5% isoflurane (JD Medical, Phoenix, AZ, USA). All rats were subjected to ultrasound evaluation every week for 3 weeks as described previously (Zhou, Lee, Stoll, Ma, Wiener, et al. 2017) , and the average value was calculated from the three timed measurements. Aortic stiffness was calculated using the A: the minimal cross-sectional area of the aorta, DA: the maximal minus minimal cross-sectional area of the aorta; and PP: pulse pressure (Zhou, Lee, Stoll, Ma, Wiener, et al. 2017 ). were then subjected to uniaxial tensile stretching in a stepwise fashion from 20% to 140% of their original resting length, and the resting stress was recorded at each step. The ex vivo aortic stiffness (E) was calculated using the formula E=F*L/(A*DL) based on the circumferential stress of the vessel segment, where F is the difference in steady-state force at each stretch level, A is the cross-sectional area of the segment, L is the original length of the tissue, and DL is the stretched length of the tissue. A stress-strain plot was generated from these experiments, and the slope of the line was used to compute the tangential elastic modulus.
| Ex vivo aortic stiffness measurements
| VSMC isolation, culture, and treatments
Primary VSMCs were isolated from the TA of SHR and WKY rats by natural migration as done previously (Zhou, Lee, Stoll, Ma, Wiener, et al. 2017 (Zhou, Lee, Stoll, Ma, Wiener, et al. 2017 ).
| In vitro VSMC stiffness measured by 3D reconstituted tissue model
Vascular smooth muscle cells were encapsulated in collagen gels
(1 mg/ml) at a seeding density of (750,000 cells/ml) and allowed to congeal around a cylindrical mandrel and cultured for 48 hr. The resulting artificial segments were then removed from the mandrel and mounted onto wires connected to an isometric force transducer (model 52-9545, Harvard Apparatus, South Natick, MA) and suspended in an in a sodium-replete Krebs buffer solution (pH 7.4) at 37°C and bubbled with 95% O 2 and 5% CO 2 . The artificial vessel segments were then subjected to uniaxial tensile stretching in a stepwise fashion from 3% to 21% of their original resting length and the resting stress was recorded at each step. The construct's stiffness (E) was calculated for each stretch as described above in the native aortic ring.
| Histological and image analysis
Z-stack images~50 um thick of artificial vessel segments were acquired using two-photon confocal microscopy on a Zeiss LSM 710 NLO microscope to construct a 3D model of the artificial ring. The artificial vessel ring collagen was detected using second harmonic generation (SHG) microscopy, and VSMCs were stained for a SMA (A2547 Sigma-Aldrich, St. Louis, MO, USA) and then imaged (Jena Germany) as described (Grossman et al., 2016) . Volocity image analysis software (Perkin Elmer, Waltham, MA, USA) was then used to segment the VSMCs in 3D based upon a-SMA staining and calculate the respective parameters of VSMCs automatically with the captured 3D cell images (Porter, Holt, Soong, Shanahan & Warren, 2016) . Artificial vessel image acquisition was carried out upon longitudinal sections of tissue and therefore perpendicular to the stretch axis. Cell diameter is defined as the diameter of a cylinder equal to the cell volume along the cell's longest axis. Cell roundedness (or Shape factor) is calculated as the ratio of the surface area of a sphere with the same volume as the cell over the surface area of the cell. Imaging analysis for collagen directionality was done by Fiji package (Schindelin et al., 2012) . Fourier component analysis for directionality was performed on data using the Fiji plug-in "Directionality" and following manufacturer's instructions (Grossman et al., 2016) . according to the manufacturer's manual. All real-time PCRs were performed in triplicate (Zhou, Lee, Stoll, Ma, Wiener, et al. 2017 ).
| Protein extraction and Western blot
Total protein was extracted from VSMCs using cell extraction buffer (Cat No. FNN0011, life technology, Carlsbad, CA, USA) and then measured by Western blotting and detected using a LI-COR Odyssey â Infrared Imaging System (Lincoln, NE, USA) (Zhou, Lee, Stoll, Ma, Wiener, et al. 2017 ).
| LOX activity measurement
Lysyl oxidase activity was measured in cultured medium using LOX 
| Statistical analysis
Results are presented as the mean AE SEM for the number of samples indicated in the figure legends. One-way ANOVA or two-way ANOVA was used to test for significance between groups. StudentNewman-Keuls post hoc correction was applied for multiple pairwise HAYS ET AL.
| 11 of 13 comparisons. A value of p < .05 was considered statistically significant.
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